Although freshwater ostracod crustaceans show an exceptionally high incidence of transitions from sexual reproduction to parthenogenesis, no prior studies have examined genetic relationships among congeneric species showing breeding system variation. The present study addresses this gap by examining patterns of allozyme diversity among three unisexual and three sexual species in the genus Cypricercus from 46 North American sites. Patterns of genetic relatedness among these taxa suggest that parthenogenesis has evolved on at least three occasions within the genus, and that one all-female taxon is closely related to a sexual species. One unisexual, C. reticulatus, showed very high clonal diversity with many polyploids as well as an allelic array suggesting that much of its diversity originated through interbreeding with sexual relatives. The other unisexuals showed both lower clonal and allelic diversity, but the prevalence of triploid clones suggested that variation might originate from hybridization between diploid asexuals and males of relict sexual populations. The prevalence of multiple X-Y sex determination systems in the ostracods may explain the marked variation in chromosome numbers evident among polyploids. This study suggests that the success of unisexuals may be linked to their ability to recruit clonal diversity through interbreeding with close sexual relatives.
Introduction
In an effort to gain a deeper understanding of the factors sustaining sexual reproduction, much effort has been directed towards the study of species assemblages which show breeding system variation (reviewed in Bell, 1982; Michod & Levin, 1988) . Researchers have compared the niche widths of sympatric sexual and asexual taxa (Vrijenhoek, 1984; Zhang & Lefcort, 1992) , gathered data on the association between habitat characteristics and breeding systems (Vandel, 1928; Suomalainen, 1969; Chaplin, 1991) , and compared the parasite loads of sexual and asexual taxa (Moritz et al., 1991; Ladle, 1993) . Genetic studies have provided insights concerning both the fate of asexuals and the origins of their genetic diversity (Dawley & Bogart, 1989; . This work has shown that many asexuals gain genetic diversity through matings with close sexual relatives (Lynch, 1984) , a result which has *Correspondence 1995 The Genetical Society of Great Britain.
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provoked a terminological shift to recognize properly the nuances of variation in breeding systems. Unisexual taxa include only females, but these individuals engage, at least occasionally, in quasi-sexual processes to generate diversity, while true asexuals have abandoned such contact. As genetic studies have progressed, it has become clear that most putative asexuals are in fact unisexuals employing occasional sexual reproduction. It is now also evident that genotypically diverse unisexuals are not doomed to a brief persistence (Maynard Smith, 1986; Hedges et al., 1992 ) and that they employ a variety of processes to generate diversity. Many unisexual animals are derived from the hybridization of different sexual species, and repeated hybridization events can augment their diversity (Dawley & Bogart, 1989) . Other unisexuals, which lack a hybrid origin, mate occasionally with close sexual relatives generating new polyploid derivatives (e.g. Turgeon & Hebert, 1994) . Still other unisexuals rely on rare episodes of male production and sexual recruitment to increase their genotypic diversity (Pernin et al., 1992) .
Past studies have revealed a paradox -unisexuals are successful in space, but not in time (Williams, 1975; Maynard Smith, 1978; Bell, 1982) . Thus, many extant unisexuals are common and have broad geographical distributions, yet the fossil record indicates that their success is generally ephemeral. The resolution of this paradox may lie in gaining a better understanding of interactions between sexuals and unisexuals. If, for example, the recruitment of diversity from sexual relatives is critical to their success, then unisexuals might show a 'life-cycle'. The low level of clonal diversity in newly emergent unisexuals would be rapidly augmented by clones generated through interbreeding with sexual ancestors. These clones might in turn displace the sexuals, and, in so doing, terminate the primary diversity-generating mechanism and set the stage for extinction of the taxon.
Further study is required to extend understanding of the nature and impacts of interactions in unisexual-sexual assemblages. Because of their broad distribution and the existence of closely related unisexual and mixed-sex taxa, the ostracod crustaceans offer an unrivalled opportunity for such work (Bell, 1982) . This study exploits this fact and examines patterns of genetic diversity in the ostracod genus Cypricercus (=Bradleystrandesia, Meisch et al., 1990) . Twelve of the 16 North American species in this genus reproduce sexually (Tressler, 1959) , but there are also four unisexual species which are common and broadly distributed. Previous genetic information on Cypricercus is restricted to a survey of two of these unisexuals at a site in the Canadian arctic (Havel et a!., 1990) , where one species, C. reticulatus Zaddach, displayed a very high level of clonal diversity, while the other taxon, C. horridus Sars, showed little clonal variation. The taxonomy of North American members of Cypricercus is confused -extensive morphological variation complicates the designation of species boundaries (Furtos, 1933; Hoff, 1942; Tressler, 1959; Delorme, 1970) and variation in breeding system occurs among apparently conspecific populations. In C. reticulatus, for example, males are known, but the large majority of populations contain only females (Hoff, 1942) . Past breeding system determinations have relied on gender ratio analyses, with parthenogenesis being inferred for all-female populations. Genetic studies have now established the general validity of breeding system assignments made using the approach (Havel & Hebert, 1989) , as the presence of males, even at low frequency, has always been associated with sexual recruitment (Chaplin, 1993) .
Prior to investigating the evolutionary interactions between sexual and unisexual members of Cypricercus, it was critical that both species boundaries and breeding systems of individual taxa be accurately defined. In this paper, allozyme markers are used to ascertain the degree of genetic differentiation among the six taxa of Cypricercus detected in ponds from the lower Laurentian Great Lakes area. The breeding system of each taxon is also assessed by examining the genetic structure of populations, and the incidence of polyploids ascertained through both allozyme and cytogenetic studies.
Materials and methods

Collections and identification
Ostracods were collected from 46 ponds in southern Ontario, Pennsylvania and Ohio (Fig. 1 ). Specimens were initially examined in 1991 to identify levels of morphological and allozymic polymorphism, but the data in this paper largely result from single collections made in the spring of 1992. However, five habitats were sampled on several occasions in either the spring or in both the autumn and spring. Spring sampling ceased by the end of May, as Cypricercus species are typically univoltine and produce resting eggs in early summer which diapause until late fall or early winter.
Ostracods in the samples were identified to the generic level and all members of the genus Cypricercus were retained for study. Approximately 50 animals of each morphological type present in a particular habitat were immediately frozen in liquid nitrogen for later allozyme analysis. Adults were separated by morphology into six taxa in accordance with Hoff (1942) , Furtos (1933) and Delorme (1970) . Specimens of four taxa corresponded closely to the descriptions for Cypricercus splendida Furtos, C. fuscatus Jurine, C. tincta Furtos and C. homdus. Other individuals were identified as C. deltoidea Delorme, but they were slightly more elongate than is typical of this species. All remaining individuals were assigned to C. reticulatus. These were all females showing similarity in their shell shape and surface texture, but much variation in coloration and banding pattern.
Two sexual species (C. splendida, C. deltoidea) and one unisexual taxon (C. hotridus) showed little morphological variation, but the other three species were more variable. Differences in muscle scar patterns permitted the separation of one of these taxa (C. reticulatus) from the other two (C. fuscatus, C. tincta). In C. fuscatus, four morphs with differing carapace coloration (brown, green, red, yellow) were observed and individuals of the brown morph were very similar to females of C. tincta. Each species in a pond was examined for the presence of males and individuals for the two all-female taxa, which showed marked colour variation, were assigned to a particular morph.
Electrophoresis
Cellulose acetate enzyme electrophoresis was performed following standard methods (Hebert & Beaton, 1993) . During 1991, approximately 50 individuals from each of 22 ponds were screened for variation at nine enzyme systems: aspartate aminotransferase (Aat, EC 2.6.1.1), arginine phosphokinase (Apk, EC 2.7.3.3), fumarate hydratase (Fumh, EC 4.2.1.2), glucose-6-phosphate isomerase (Gpi, EC 5.3.1.9), isocitrate dehydrogenase (Jdh, EC 1.1.1.42), malate dehydrogenase (Mdli, EC 1.1.1.37), mannose-6-phosphate isomerase (Mpi, EC 5.3.1.8), peptidase (Pep, EC 3.4.11, substrate: leucyl-glycine) and phosphoglucomutase (Pgm, EC 5.4.2.2). These analyses showed a lack of variation at Md/i, but revealed variation at 10 loci in the other eight
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Data analysis
Individuals were assigned to a specific taxon and allozyme data collected as multilocus genotypes. Each species from a given pond, with electrophoretic data on 20 or more individuals, represented a population for data analysis using mosys-i (Swofford & Selander, 1989) . Among those taxa employing sexual reproduction, heterozygote banding patterns were consistent with those expected based on the quaternary structure of the enzyme (Hebert & Beaton, 1993) . However, unusual allozyme patterns containing extra bands or unbalanced staining activities were noted in individuals of each unisexual taxon. For example, heterozygous phenotypes at the monomeric Pgm locus were occasionally three-banded in C. reticulatus and C. fuscatus, whereas some individuals of C. reticulatus showed five or six bands at the dimeric Gpi locus. Only the slowest and fastest bands of these patterns were considered in assigning a diallelic genotype for data entry in BlOsys-1. The rationale behind this procedure is that these bands probably represent the slowest and fastest homodimers being expressed, whereas the origin of the intermediate bands cannot be unambiguously determined. Unless indicated otherwise, samples taken on different dates were treated as different populations, and taxa were never partitioned, with the exception of one sample of C. fuscatus (ONT7-spring), which was subdivided in two groups (see Results section). A cophenetic matrix of Rogers's genetic distances (Rogers, 1972 ) was used to produce a UPGMA dendrogram in BIOSYs-1 and to carry out a multidimensional scaling (MDS) procedure in SYSTAT (Wilkinson, 1990) . The algorithm used in SYSTAT treats the genetic distances in the matrix as ordinal data, helping to prevent intergroup differences from concealing intragroup variability.
The breeding system of each population was assigned by examining gender ratios and by testing the conformance of genotypic frequencies to HardyWeinberg expectations, using exact probabilities. The probabilities were subjected to a sequential Bonferroni procedure, to determine table-wide significance levels. Where genotypic frequencies deviated significantly from expectations at several polymorphic loci, or when males were absent, the genotypic structure of the population was further characterized using three parameters: (1) the number of unique 10-locus genotypes, (2) a log-transformed mean probability of the observed genotypic arrays conforming to Hardy-Weinberg expectations, and (3) a genotypic diversity ratio (GDR, observed! expected). The rationale and method for calculation of these parameters are discussed in Hebert et al., (1988) .
Species diversity in Cypricercus was examined using a combinatorial approach which examined the relationship between the number of species detected and the number of ponds analysed.
Cytogenetic studies Chromosome counts on ovarian tissue from mature females were made to determine if there was karyotypic variation among the sexual species, and also to verify the occurence of polyploidy in clones of the unisexual taxa. Cytogenetic techniques were modified from Tetart (1969 Tetart ( , 1978 and are detailed in Turgeon (1993) .
Results
Morphological and aiozymic recognition of Cypricercus taxa
Three of the six taxa appeared to reproduce sexually, as their populations regularly included individuals of both genders, while the other taxa consisted, with one possible exception, solely of females. Half of the ponds (23 of 46) contained more than one species of Cypricercus, with an average of 1.79 taxa per pond. A plot of the number of clones detected as a function of the number of ponds sampled showed an asymptotic relationship, suggesting that all of the species present in the sampling area were encountered.
Separation of C. reticulatus from the other species using allozyme characters was sometimes ambiguous, as it was very genetically diverse, possessing the complete spectrum of alleles detected in the other species (Table 1) . Individuals of this species did possess some unique alleles (Fumh b, Aat d, Idh-1 b), but they were ordinarily in heterozygous condition. However, the Pep-2 c allele, which was predominant in C. reticulatus but absent from all other species excepting a few clones of C. fuscatus, was most useful for its recognition. The remaining taxa were more distinctive. Individuals of C. splendida were generally distinguished from other species by their possession of a unique fast allele (e) at Idh-1. C. deltoidea was fixed at Pep-2 and Idh-1 for alleles shared only with C. horridus, but was differentiated from this taxon at Apk. C. horridus was itself differentiated from the other taxa by a unique allele at Pgm. C. tincta and C. fuscatus were closely related, sharing alleles at all but Idh-2.
Both the UPGMA dendrogram (Fig. 2) and multidimensional scaling (Fig. 3) confirmed the presence of six major genetic groups. As might have been expected from their morphological distinctiveness, C. deltoidea, C. splendida and C. horridus populations were well discriminated genetically, while populations of C. fuscatus and C. tincta were very similar. Populations of C. reticulatus showed the highest level of intraspecific genetic divergence.
Breeding systems Males were invariably present in populations of C. splendida, C. deltoidea and C. tincta. Populations of these three species were commonly polymorphic at Gpi and Idh-1, and genotypic frequencies at these loci invariably conformed to Hardy-Weinberg expectations. Rare polymorphisms were also detected at three other autosomal loci (Aat and Pep-i in C. deltoidea, Fumh in C. tincta) and again HardyWeinberg expectations were approximated. All three taxa were also polymorphic at Pgm and Mpi, loci which were sex-linked. Significant deviations from Hardy-Weinberg expectations at these loci were uncommon in females of C. tincta and C. deltoidea, but more frequent in C. splendida. In all cases, these deviations were a result of heterozygote deficits. As expected, most males showed allozyme phenotypes compatible with hemizygosity, but a few heterozygotes were observed.
In all but one population of the other three species (C. fuscatus, C. horridus, C. reticulatus) males were absent and their genetic structure was strikingly different from that of the sexual taxa. Their With the exception of a spring sample from ONT7, all populations of C. fuscatus contained few clones, had a low GDR, and showed marked Hardy- Weinberg deviations (Fig. 4a) . Only 11 clones were detected in the 10 ponds with this species, and allozyme phenotypes suggested that nine of these clones were polyploid (Table 2) . More specifically, staining activity was unbalanced at Gpi in six clones (1, 2, 7, and 9-11) and at Pgm and Mpi in one clone (4); in addition three-banded patterns were present at the monomeric Pgm locus in three clones (3, 5 and 7). Temporal studies of clonal composition of C. fuscatus at 0NT24 revealed the same clone on each of four sampling dates. By contrast, the extent of genotypic diversity in C. fuscatus from ONT7 showed a seasonal shift. The genotypic structure of the fall sample was typical of other populations, with only two clones being detected, but 18 genotypes were detected in the spring sample. Among these individuals, three genotypes appeared polyploid, displaying unbalanced staining activities at Gpi. These observations suggest that the C. fuscatus in the spring sample could be split into two groups -a low diversity assemblage including 27 females assignable to four different genotypes, and a high diversity assemblage containing 19 females and 2 males with 14 different genotypes. When the three parameters used to characterize genotypic composition were calculated separately for these groups, group I showed affinity with all other populations of C. fuscatus, while group TI possessed the genotypic characteristics typical of sexual reproduction (Fig. 4a) .
Only two multilocus genotypes, both heterozygous
The Genetical Society of Great Britain, Heredity, 75, 561-570. at several loci, were present in the sole population of C. horridus (0NT29) with an adequate sample size for analysis. Both clones appeared to be polyploid, providing further support for concluding that this species reproduced asexually (Table 3) . Clone 1 was also identified in small samples from two other sites (ONT31 and ONT4O). Cypricercus reticulatus populations also appeared to reproduce asexually. A total of 185 clones was detected among 1364 individuals, and although as many as 14 clones were detected in a single population, the genotypic diversity was always less than 56 per cent of that expected under sexual reproduction
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Chromosome numbers in Cypricercus
Cytogenetic studies indicated that females of the three sexual species each possessed 22 chromosomes (Table 4 ). In C. deltoidea and C. tincta, rneiotic pair- Carapace colouration for each clone is indicated. * Indicates that the staining intensity of an allele was stronger than expected, suggesting polyploidy.
ing was observed, revealing haploid complements of 11 chromosomes. Chromosome counts were much more variable in the unisexual species, and meiotic figures were never observed. Clones of C. horridus and C. fuscatus, showing allozyme phenotypes suggestive of polyploidy, possessed chromosome numbers which were elevated above the usual dipbid level, although not a simple multiple of it (Table 4) . Females of C. reticulatus showed variation in chromosome number that was linked to carapace coloration. Individuals of the striped brown morph from two habitats showed a chromosome count suggestive of dipboidy, while both clones with a green colouration appeared polyploid.
Discussion
This study has involved a genetic analysis of the six Cypricercus species which dominate ponds in the middle of the North American continent. Sex ratio determinations and genetic analysis confirm that three of these species are sexual and three are parthenogens. Morphological discrimination of these species is ordinarily possible, but the present study has also identified diagnostic allozyme markers that permit verification of species determinations.
The three sexual species included in this study
show close similarity in their genetic structure. The common species, C. reticulatus (Turgeon, 1993) .
Allozyme phenotypes suggested that polyploidy was common in each species, with both clones of C. Turgeon, 1993) . Tetart (1978) has shown that ostracods of the family Cyprididae (including Cypricercus) have a haploid complement ranging from 10-12. The present study confirms this result, establishing that females of the three sexual Cypricercus species have a haploid complement of 11. In his extensive cytogenetic studies on ostracods from France, Tetart (1978) recognized triploidy in only one taxon, Eucypris virens. In this case, the evidence was clearthree cytotypes had 23 or 24 chromosomes, while three others had chromosome numbers ranging from 32 to 37. Although Tetart (1978) (Bauer, 1940; Dietz, 1958) The present study has identified one pair of taxa which may be particularly useful in studying the transition from sexual to asexual reproduction.
These taxa (C. fuscatus, C. tincta) possess differing breeding systems, but are allozymically and morphologically very similar. At 3 of the 46 sites, females of these two taxa co-occurred and were both genetically and morphologically distinctive. The situation at ONT7 was more complex. This population was initially classified as C. fuscatus because an autumn sample contained only two different clones. However, genotypic diversity was far higher in a spring sample, and males were detected. The surge in donal diversity might be linked to the sympatric occurrence of C. tincta, but this seemed unlikely as most spring individuals possessed the diagnostic C. fuscatus allele at Idh-2. Alternatively, these individuals may represent a rare sexual population of C. fuscatus. Variation in reproductive mode has been reported for other species of freshwater ostracods on the basis that males were present in some populations, but absent from others (Bell, 1982) . More recently Chaplin (1992) provided genetic evidence that both sexual and asexual individuals were present in each of two morphs of Candonocypris novaezelandiae, and also found that the co-occurThe Genetical Society of Great Britain, Heredity, 75, 561-570. rence of forms with differing breeding systems was rare.
Some conclusions regarding the nature and frequency of breeding system transitions in the genus Cypricercus can be inferred from the results of this study. The marked genetic divergence among the three unisexual species suggests that the loss of sex has occurred on at least three occasions within the genus. One of the unisexuals (C. horñdus) was genetically distinct from any sexual species, indicating that its sexual ancestor is either extinct or restricted to other geographical regions. By contrast, C. tincta and C. fuscatus are genetically very similar, and probably represent a sexual ancestor and its recent unisexual derivative. If so, the different polyploid clones of C. fuscatus may owe their origin to matings between diploid C. fuscatus females and males of C. tincta. The final unisexual, C. reticulatus, may hybridize with all of the sexual species, accounting for its extraordinarily high genotypic diversity and its sharing of the alleles present in these taxa. It seems possible that the assembly of such a large number of clones could lead to a run-away process in which sexual species contribute to their own extinction by creating new unisexual derivatives whose competitive superiority is linked to avoidance of the cost of male production. In turn, the loss of its sexual ancestor may doom the unisexual by removing its primary mechanism for generating genotypic diversity. Studies that determine both the ecological and genetic interactions between sister taxa such as C. tincta and C. fuscatus seem particularly likely to advance understanding concerning the origins of genetic diversity in unisexuals, and the factors leading to the extinction of their sexual ancestors.
